Electron transfer activation of a second water channel for proton transport in [FeFe] The solution-phase photochemistry of the [FeFe] hydrogenase subsite model (μ-S(CH 2 ) 3 S)Fe 2 (CO) 4 (PMe 3 ) 2 has been studied using ultrafast time-resolved infrared spectroscopy supported by density functional theory calculations. In three different solvents, n-heptane, methanol, and acetonitrile, relaxation of the tricarbonyl intermediate formed by UV photolysis of a carbonyl ligand leads to geminate recombination with a bias towards a thermodynamically less stable isomeric form, suggesting that facile interconversion of the ligand groups at the Fe center is possible in the unsaturated species. In a polar or hydrogen bonding solvent, this process competes with solvent substitution leading to the formation of stable solvent adduct species. The data provide further insight into the effect of incorporating non-carbonyl ligands on the dynamics and photochemistry of hydrogenase-derived biomimetic compounds.
INTRODUCTION
The hydrogenase family of enzymes is capable of reversibly catalyzing the reduction of protons to dihydrogen. This is a reaction of some considerable technological interest and understanding the chemistry of the hydrogenases may presage new methods for catalytic or electrocatalytic hydrogen production and its utilization in fuel cells, viz., replacing platinum. Particular interest has been directed toward the [FeFe] hydrogenases where the active site consists of a 2Fe3S cluster. In the enzyme, this cluster features a bridging CO ligand with the five remaining coordination sites occupied by CO and CN ligands and a cysteinyl bridge to a Fe 4 S 4 cluster that plays a role in the electron transfer process. [1] [2] [3] Numerous model compounds mimicking this natural H-cluster have been synthesized and tested to determine both their proton affinity and catalytic activity with respect to the production of molecular hydrogen. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Specifically, it has been shown that a family of compounds with the general formulas (μ-SRS)Fe 2 (CO) 4 (L) 2 (L = CO, CN, PMe 3 ) are promising candidates for further development. 1-3, 7-9, 12-17 Indeed, the existence of catalytic assemblies incorporating light harvesting molecules or nanoparticles combined with hydrogenase model systems have already been demonstrated. 17 The majority of research to date has been devoted to synthesis, structural, functional, and mechanistic studies of a wide variety of biomimetic models alongside kinetic and spectroelectrochemical analysis. 2, 4, 7, 10, 11 A key aspect of the catalytic mechanism at the enzyme-subsitecluster assembly is the generation of a vacant site where a) Author to whom correspondence should be addressed. Electronic mail:
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substrates (H 2 , H + ), inhibitors (CO), or other molecules (H 2 O, OH
− ) can bind. Time-resolved infrared spectroscopic methods are well suited to investigating these processes and have been used to observe the dynamics and photochemistry of (μ-S(CH 2 ) 3 S)Fe 2 (CO) 4 (L) 2 (L = CO, CN) systems in solution. 13, 14, 16, 18 . In these experiments, time-resolved infrared (TRIR) and transient 2D-IR studies employed UVinduced carbonyl photolysis to create a vacant coordination site. In all cases, UV excitation of the metal to ligand charge transfer transition (MLCT) of the hydrogenase model compound was shown to result in spectral changes consistent with rapid CO loss that could not be reproduced by sample heating. Further analysis revealed a subsequent competitive mechanism involving geminate recombination and solvent substitution for the L = CO variant in a range of solvents and solvent mixtures. 13, 16, 19 Studies of the chemistry of these model systems have shown, however, that the presence of non-carbonyl ligands, L, can significantly influence the chemical characteristics of the compound and, in particular, they can impact upon the propensity for protonation. 8, 10, 15 For example, (μ-S(CH 2 ) 3 S)Fe 2 (CO) 4 (PMe 3 ) 2 (1) has been shown to form a bridged protonation product (μ-H)Fe 2 (pdt)(CO) 4 (PMe 3 ) 2 (propane dithiolate) (Ref. 5) under acidic conditions that is not observed when L = CO. 8, 15 Additionally, ground state investigations of the L = CN derivative by 2D-IR spectroscopy have revealed weak vibrational coupling between CO and CN − ligands 14, 18 alongside evidence for CN-induced acceleration of the vibrational relaxation of the molecule in comparison to the L = CO derivative further showing that the nature of L plays a key role in the vibrational dynamics of these species.
Thus far, no ultrafast time-resolved studies of the dependence of the photochemistry of such a system upon the identity of L have been carried out. To address this, we apply TRIR spectroscopy to investigate the effects of replacing two carbonyl ligands with trimethyl phosphine groups in an effort to further our understanding of the behavior of these systems in solution. By using a combination of TRIR spectroscopy and DFT simulations, it can be shown that the identity of L has an effect upon the ability of the model species to form solvent adducts following CO photolysis, which may have implications for protonation at the metal center. In addition, evidence for photoinduced isomerisation indicates that interconversion of ligands near the metal centers is facile, but slow in the absence of ligand removal.
EXPERIMENTAL
The model compound 1 used in this work was produced by established synthetic routes 5 , while the solvents were obtained from Sigma-Aldrich and used without further purification. The oxygen sensitivity of 1 required that samples were handled in a nitrogen-rich environment during sample preparation and that all solvents were purged with N 2 and dried over CaH 2 prior to use to avoid complications due to the presence of water. For FTIR and TRIR measurements, the samples were held in airtight cells (Harrick Scientific) consisting of a pair of CaF 2 windows separated by a PTFE spacer of 200 μm thickness. The concentration of the solutions was adjusted to yield peak optical densities in the carbonyl ligand stretching mode (ν CO ) region of the mid IR of around 0.5. This equated to a concentration in heptane of 1.3 mM and it was established that the OD at 355 nm was around 0.35 under these conditions. For TRIR studies, the samples were continuously refreshed by closed-loop circulation and the sample cell was rastered in two dimensions to prevent window damage.
Steady-state FTIR spectra were recorded on a Bruker Vertex 70 spectrometer, and temperature-dependent FTIR measurements were performed in a thermostatically controlled cell (Harrick Scientific) accurate to ±1 K.
TR-IR measurements
The time-resolved infrared spectrometer used has been described in detail in Refs. 13, 16, and 20. Briefly, a regeneratively amplified Ti:saphire laser system (Coherent) producing 35 fs duration pulses centered at a wavelength of 800 nm with a pulse repetition rate of 1 kHz was used to pump two whitelight-seeded optical parametric amplifiers (OPA). One OPA produced pulses with an energy of ∼4 μJ and a wavelength of λ = 355 nm via a fourth harmonic generation process using the signal beam. These were used as UV pump pulses, while the second OPA generated IR probe pulses via difference frequency generation of the signal and idler beams. The latter were centered near 1950 cm −1 with a bandwidth of >200 cm −1 . The pump-probe time delay was controlled by an optical delay line and the relative polarization of the pump and probe was set to the magic angle to remove the effects of molecular rotation from the signals. To facilitate collection of pump-onpump-off difference spectra, a chopper operating at half the laser repetition rate (500 Hz) was used to modulate the pump pulse train. The transmitted probe radiation was dispersed via a grating spectrometer and recorded using a liquid-nitrogencooled 64-element HgCdTe array. The spectral and temporal resolution obtained from this apparatus was ∼4 cm −1 and 150 fs, respectively.
Data analysis
Data analysis was performed by fitting the TRIR spectra to a sum of Gaussian lineshapes for all pump-probe delay times simultaneously. This was done using a pseudoglobal fitting routine to optimize a set of Gaussian peaks with linked positions across all pump-probe delay times in order to determine the temporal amplitude variation. The initial line positions were determined using the smallest number of Gaussian lineshapes necessary to produce a good quality fit to the spectra. The computation routine subsequently employed χ 2 minimization by means of Levenberg-Marquardt algorithm to find the best-fit parameters. The stability of the solutions obtained was tested by cyclic variation of a subset of initial parameters.
The temporal dynamics were then recovered by fitting the time dependence of the amplitudes of the Gaussian peaks using single or bi-exponential functions.
Density functional theory
All DFT calculations were carried out using the GAUSSIAN 03 package. 21 The calculations were performed on molecules in vacuo using the hybrid B3LYP functional 22 and LanL2DZ basis set. The latter employs the Dunning/ Huzinaga valence double-ζ D95 V (Ref. 23 ) basis set for first-row atoms and Los Alamos effective core potential plus DZ on atoms from Na-Bi. 23, 24 No scaling and correction factors were applied. Harmonic frequency calculations were performed on optimized geometry structures and transitionstate searches were performed using the synchronous transitguided quasi-Newton method. 25 The combination of basis set and functional used were chosen because previous comparisons with 2D-IR spectroscopy experiments on hydrogenase model systems have shown the relative line ordering obtained to be accurate.
14 As absolute frequency determination is challenging with DFT simulations of metallocarbonyls in solution, these results were employed as a guide to assignment and this combination, therefore, allowed the maximum confidence in the relative line positions obtained for the different structural forms discussed below.
RESULTS AND DISCUSSION

FT-IR spectroscopy
The infrared absorption spectrum of 1 in the CO stretching region is shown in Figure 1 The lowest frequency of these peaks shows evidence of additional structure consistent with broadening of the peaks observed in the same region in heptane solutions. The FWHM observed for the transitions was 5, 8, and 10 cm −1 in heptane, MeOH, and MeCN, respectively. The increased linewidths in the polar solvents are attributable to inhomogeneous broadening, indicating a greater degree of solute-solvent interactions than is present in heptane, though 2D-IR studies of similar species have indicated that the associated mechanisms and dynamics differ as MeOH solutions are dominated by H-bonding effects, whereas in MeCN electrostatic interactions are more prevalent. 26 The change in relative intensity of the high-frequency peak with increasing solvent polarity can be attributed to the presence of different geometrical isomers of 1. Of the possible structural arrangements of the four carbonyl and two trimethylphosphine ligands in 1, only two have previously been observed experimentally. The structures of these two isomeric forms, denoted trans-1 BA-BA and 1 AP-BA (where BA and AP indicate basal and apical ligand positions, respectively) are displayed in Fig. 1(b) . The all-basal isomer was detected in the solid phase, while the 1 AP-BA form was observed in polar solvent solutions. 8, 15 DFT structural optimizations and energy calculations have been carried out for these two isomeric forms. These indicate that a 4.3 kJ/mol energy difference exists between the trans-1 BA-BA and 1 AP-BA structures with the latter lying higher in energy. The calculations also indicate a significant difference in the overall dipole moment for the two forms with that of trans-1 BA-BA predicted to be 1.9 D, while the 1 AP-BA structure gives a value of 5.5 D. This would appear to be consistent with the trans-1 BA-BA isomer being the dominant form in heptane, while in polar solvents the proportion of 1 AP-BA might be expected to increase. Figure 1 (b) also shows the predicted FTIR spectrum of these two isomeric forms of 1. It is noteworthy that the simulation of the CO stretching vibrational modes of the 1 AP-BA form shows a prominent high-frequency mode. This is apparently consistent with the rising intensity of the high-frequency peak in the FTIR spectrum on moving from heptane to MeOH and MeCN suggesting that this peak is an indicator of the presence of the 1 AP-BA isomer.
Further support for this isomeric equilibrium can be obtained from the thermal dependence of the FTIR spectrum of 1 in heptane. Example spectra are displayed in Figure 1(c) , which show that increasing temperature leads to a decrease in the intensity of the three main ν CO peaks and a concomitant gain in the intensity of the 1990 cm −1 peak as would be expected. It is noticeable that the two effects are not identical in terms of absolute intensity; however, the proportional changes are similar. In addition, the higher temperature spectrum shows an increase in the intensity of a small transition near 1922 cm −1 . These two features are highlighted using arrows in the main figure and a difference approach in the inset of Fig. 1(c) . Comparisons with the DFT calculations in Fig. 1(b) suggest that these are both indicative of a shift in the equilibrium position toward the higher energy isomeric form as the predicted spectrum of the 1 AP-BA isomer generally blueshifts with respect to that of the trans-1 BA-BA form, which would lead to increased spectral density on the blue edge of the transitions of the trans-1 BA-BA isomer near 1922 cm −1 as is observed. The vibrational frequencies predicted by the DFT are expected to show errors in relation to the absolute experimental frequencies, though the overall patterns and relative line positions have generally been found to be in good agreement with experiment when using this combination of functional and basis set. 3, 12, 27 It is noted that, while the 1990 cm −1 peak is a clear indicator of the presence of the higher energy isomer, the 1922 cm −1 contribution may also arise from temperature-induced broadening of the trans-1 BA-BA isomer peaks, though this is not a symmetrical effect as might be expected. As such, the former peak will be taken as the main indicator henceforth.
Time-resolved IR spectroscopy
The time-resolved difference spectra obtained in the ν CO region following 355 nm irradiation of 1 in heptane, MeOH, and MeCN are presented in Figs. 2(a)-2(c) . The data are shown for three time delays that are representative of the observed dynamics: ∼8 ps, effectively immediately following excitation; 440 ps, after which much of the spectral evolution was complete; and an intermediate time delay near 80 ps.
In the spectra obtained for 1 dissolved in heptane with a pump-probe delay of a few ps ( Fig. 2(a) , black), negative features are observed that, allowing for the reduced resolution of the TRIR spectra, are coincident with the three main peaks observed in the FTIR spectrum of this sample. These features were present even at the earliest pump-probe delay times and are assignable to bleaches of the parent molecule absorptions arising from excitation by the UV pump pulse and subsequent rapid (sub 100 fs) loss of a carbonyl ligand. . A small bleach is also observed at 1990 cm −1 consistent with a comparable reduction in the population of the small quantity of 1 AP-BA isomer present in the heptane solution.
These bleaches are accompanied at short delay times by the instantaneous appearance of broad, positive features shifted to lower wavenumber. These are consistent with earlier studies of hydrogenase model systems using TRIR and are assignable to a combination of the short-lived MLCT excited state, vibrationally hot species formed by irradiation, and tricarbonyl photoproducts created by the loss of a CO ligand, which has been shown to occur on sub-ps time scales. 13, 16 At intermediate pump-probe time delays (80 ps, Fig. 2(a) , red) the bleaches show some recovery while the transient absorptions decay via narrowing and blueshifting, a process consistent with vibrational cooling. This evolution reveals narrower photoproduct lines that originate from CO loss from the parent molecule, these are redshifted in relation to the parent tetracarbonyl as would be expected on account of the increased electron back donation into carbonyl π * orbitals.
The traces at a pump-probe time delay of 440 ps ( Fig. 2(a), green) show further decreases in the amplitude of the bleaches assignable to geminate recombination and recovery of the parent molecule. The bleach recovery is greater than 75% of the initial amplitude at this time delay suggesting a dominant geminate recombination process in heptane. to the 1 AP-BA isomeric form and the residual parent bleaches showed evidence of a subsequent slow recovery process with similar kinetics suggesting recovery towards the thermal equilibrium position. It is interesting to note that no other major peaks are observed that may be assigned to the 1 AP-BA isomer, though these were also not seen in the T-dependent FTIR spectra and it is reasonable to conclude that, while predicted by DFT, these are obscured by parent molecule bleaches.
In heptane solution, no further positive peaks that are readily assignable to solvent coordination of the vacant site left by CO were observed in contrast to the hexacarbonyl derivative of 1, which showed significant solvent adduct formation. 13, 16 In the case of the hexacarbonyl species, these solvent adduct peaks were significantly redshifted in relation to the parent molecule and would have been expected in the region below 1890 cm −1 for 1. It is noteworthy that a small feature is present in the 440 ps dataset in heptane near 1900 cm −1 , which could conceivably arise from a solvent adduct species and is not inconsistent with the DFT calculations of this molecule; however the small size, close overlap with the parent molecule bands and the fact that this was not observed to be sufficiently long-lived or correlated with any other spectral feature would make this assignment tenuous and rather inconsistent with data observed for the hexacarbonyl derivative. Equally, it is plausible that the feature observed near 1922 cm −1 could arise from a solvent adduct. However, the comparisons with T-dependent FTIR make this unlikely and the correlation with the peak at 1990 cm −1 , which lies in the same position as the parent spectrum bleach and is a clear indicator of isomerisation, makes it more likely that the 1922 cm −1 peak is due to isomerisation. The data obtained in MeOH (Fig. 2(b) ) and MeCN ( Fig. 2(c) ) solutions are broadly similar to those in heptane and can be assigned to similar processes and species. In contrast to heptane however, both MeOH and MeCN solutions gave rise to further small non-vanishing positive peaks in the 1840-1880 cm −1 region, suggestive of a competition between geminate recombination and solvent substitution leading to tricarbonyl derivatives of general formulas (μ-S(CH 2 ) 3 S)Fe 2 (CO) 3 (PMe 3 ) 2 (Solv) (Solv = MeCN, MeOH). The position of these bands to the red of the parent molecule and peaks due to the tricarbonyl intermediate are entirely consistent with previous studies. 13, 16 Furthermore, DFT calculations performed to simulate the infrared spectra of intermediate-and solvent-substituted photoproducts are shown in Figure 3 . The simulations also predict a general downshift of the ν CO bands of the adducts, when Solv = alkane, MeOH, or MeCN, in relation to those of the parent molecule. In the case of heptane, propane was used as the solvating ligand in the simulations for reasons of computational cost, though it has been shown elsewhere that the length of alkane chain in solvent adducts has little effect on the simulated IR spectra produced. 13 Despite this, little evidence for the formation of a solvent adduct is observed in the data obtained for heptane solutions. Work on the hexacarbonyl species suggested little difference in experimental spectra of MeCN and heptane solvent adducts in terms of line positions, further suggesting that the heptane variant does not occur. The differences are predicted to be larger by DFT simulations of 1 but, while not conclusively ruled out, evidence of a heptane photoproduct is weak.
It is also noted, though not shown, that loss of a trimethylphosphine ligand was simulated via DFT calculations and was predicted to cause a large blueshift of the photoproduct bands in comparison to the parent and, as such, the results of 355 nm excitation are assigned only to species arising from CO loss.
In order to quantify the time scales of these processes, the TRIR difference spectra were fit to a series of Gaussian lineshape functions using the approach described above. Examples of the results of this fitting are shown in Figs. 4(a)-4(c) for 1 in heptane solution at similar representative time delays as are shown in Fig. 2(a) . The time dependence of selected TRIR features obtained from the amplitudes of the Gaussian fitting functions for each of the solvents are presented in Figures 5(a) -5(c) and dynamics were obtained for the peaks by fitting to a series of exponential decay functions. The results are collated in Table I .
It is noted that the overlap of the various broad positive and negative features often led to difficulties in isolating individual peak dynamics but general patterns clearly emerge and the uncertainties in individual measurements can be gauged from the scatter of the data in Fig. 5 to be small compared to the time scales obtained. In the case of the parent bleaches, these displayed a biexponential recovery (black traces in Fig. 5 and Table I ) with the faster decay time scale in the ∼15-60 ps region and the longer time scale in the ∼100-200 ps range depending on the solvent. A ns-time scale component was also observed, though this was so slow as to be treated as being a static contribution in comparison to the fast dynamics for the purposes of the fitting process.
By contrast, the broad low-frequency features observed at early times decayed with single exponential dynamics in the 15-60 ps range (red traces in Fig. 5 ). This is consistent with assignment of this time scale to the combined relaxation of the MLCT excited state and vibrational cooling (Table I) and coincides with the narrowing and blueshifting of those features towards intermediate pump-probe time delays. The latter effect is seen in the fit by the 15-60 ps "rise" of narrower Gaussian peaks immediately to the red of the parent bleaches. Identified as cooling and geminate recombination in Table I , these peaks are assignable to tricarbonyl species that become visible as cooling proceeds and which then decay with the 100-200 ps time scale as recombination occurs. Finally, the photoproduct peaks (blue) due to the higher energy isomer were observed to show a rise time in the 100-200 ps time range followed by a ns decay profile. It is noted that these peaks start from a negative value owing to the bleaching of the initial population of the 1 AP-BA isomer, which then recovers and exceeds the initial value as the experiment proceeds.
The kinetics are entirely consistent with a relatively simple mechanism in which vibrational cooling of transient species formed following photolysis occurs rapidly in tens of picoseconds while the 100-200 ps decay time can be associated with geminate recombination. The longer time scale is associated with both bleach recovery, and the growth of peaks due to the 1 AP-BA isomer is indicative that it is due to recombination with the CO ligand and that it is this process that results in isomerisation rather than any rearrangement of vibrationally hot species.
The three solvents show some difference in the observed time scales with the values obtained for cooling and recombination being somewhat shorter in MeOH and MeCN than in heptane. In the case of heptane, however, (Fig. 4(a) ), the main bleach recovery is almost complete within 800 ps, while this is not the case in the polar solvents. This suggests that the longer lived species are more stable in the polar solvents, consistent with the formation of secondary solvent adduct photoproducts. Specific peak positions are not reported in the fitting results for the solvent adducts discussed above. This is because the peaks are small and in terms of position are largely indistinguishable from the peaks due to MLCT or hot parent molecule contributions. This means that their presence is somewhat inferred from the very long-lived nature of the peaks, which appear as the cooling and relaxation processes proceed. The time scales for formation of these adducts are thus indistinguishable from those due to vibrational cooling, and this suggests that the solvent adducts form in a fashion that is fast relative to isomerisation and the cooling time scale provides a well-defined window for this process on the order of 15-60 ps.
The results indicate that the photochemistry of 1 in solution shows several similarities with previous studies of the hexacarbonyl derivative. Indeed, the observed time scales FIG. 4 . TRIR spectrum (black) and Gaussian lineshape fitting results (red) for 1 in heptane at three pump-probe delay times.
for cooling and relaxation on tens of ps alongside geminate recombination within 200 ps are in excellent agreement with prior work and suggest relatively little influence of the trimethylphosphine ligands on the dynamics following irradiation. This is perhaps to be expected due to the fact that the relaxation and cooling are likely to be largely controlled by intramolecular processes, while geminate recombination will be a function of the immediate solvent cage environment and this time scale has shown relatively little solvent dependence for the hexacarbonyl in similar solvents.
Certain differences are observed however, perhaps most notably in relation to the formation of solvent adducts of 1 in MeOH and MeCN but not in heptane. In the case of the hexacarbonyl species, solvent adduct formation was observed in heptane indicating a change in the ligand chemistry arising from the substitution of CO for trimethylphosphine at two coordination sites. This is consistent with studies of protona-FIG. 5. Time dependencies of Gaussian peak lineshapes from fitting results for 1 in heptane (a), MeOH (b), MeCN (c). Black indicates a main parent bleach exhibiting biexponential decay kinetics. Blue shows the highfrequency peak due to the 1 AP-BA isomer, which exhibits a rise time due to isomersiation. Red shows the dynamics of a broad peak formed at early times which decays with single exponential kinetics due to vibrational cooling. tion of 1 and the hexacarbonyl which showed that 1 protonates readily in low pH conditions, while the hexacarbonyl does not. 8, 11, 15 These observations suggest that the presence of the PMe 3 groups leads to a greater electron density localized on the dimetal center which both encourages protonation and perhaps discourages interaction with weakly associating ligands. The lower vibrational frequencies of the CO stretching transitions of 1 in comparison to the hexacarbonyl variant support this and it is also noticeable that the fraction of solvent adducts formed in MeCN and MeOH solutions in comparison
